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The extinction of the giant deer Megaloceros giganteus (Blumenbach): New
radiocarbon evidence
Adrian M. Listera,∗, Anthony J. Stuartb
a Department of Earth Sciences, Natural History Museum, London, SW7 5BD, UK
bDepartment of Biosciences, Durham University, South Road, Durham, DH1 3LE, UK
A B S T R A C T
The giant deer,Megaloceros giganteus, is one of the most celebrated of late Quaternary megafaunal species. Here we present new radiocarbon data on the pattern of its
extinction, and compare this, on a region-by-region basis, with evidence of environmental change and human occupation. Following strict auditing criteria for the
acceptance of radiocarbon dates, 51 dates are published here for the first time, bringing the total number of accepted dates for the species to 134. For western Europe,
extirpation around the start of the Younger Dryas stadial is corroborated. Previous early-to mid-Holocene records for the Urals and Siberia are augmented by new
dates that together provide an almost continuous radiocarbon record from the late-glacial to the mid-Holocene. Newly-rediscovered skeletal material of giant deer
from the Maloarchangelsk region of European Russia has provided the latest date for the species known so far, and extends the mid-Holocene range substantially
westward almost to Ukraine. The relatively narrow overall distribution of M. giganteus through its history, and direct palaeoecological evidence, demonstrate the
species’ requirement for a mixed, partially open habitat providing both graze and browse. Its extirpation from western Europe remains strongly linked to dete-
rioration of climate and productivity in the Younger Dryas, while its disappearance from more eastern areas correlates chronologically with the spread of closed
forest. However, these intervals also coincide with the arrival of (probably sparse) human populations in the regions occupied by giant deer in Ireland and across
Russia. The pattern of distributional changes leading to the Holocene restriction of giant deer populations strongly suggests environmental causation, but a con-
tribution of human hunting to the extirpation of terminal populations cannot be ruled out.
1. Introduction
The cause of extinction of late Quaternary large mammals (‘mega-
fauna’) has been disputed ever since Darwin (1839, pp 201–212), and
the debate has intensified in recent years with recognition of its re-
levance to the threats facing large mammals today (Malhi et al., 2016).
Most authors assume that causality resides in either human impact
(particularly hunting) or habitat loss driven by climate change, or a
combination of the two, but approaches to the problem vary widely.
Several studies have claimed that the cause of the extinctions can be
established by modelling approaches, and that accurate timing of the
extinction events is neither necessary nor possible (e.g. Bartlett et al.,
2016). These studies have essentially sought to test Martin's (1967)
hypothesis that extinctions followed the arrival of modern humans in
different parts of the world. For northern Eurasia the picture is com-
plicated by compelling evidence that the extinctions were staggered
over tens of millennia, with a series of extinctions preceding the last
glacial maximum (LGM), and others in the late-glacial to early Holo-
cene (Stuart, 2015; Cooper et al., 2015).
An alternative approach to resolving the issue is large-scale targeted
dating of megafaunal species, using techniques designed to minimise
contamination error, such as ultrafiltration of extracted collagen and,
more recently, single amino-acid dating (e.g. Kosintsev et al., 2019).
This approach aims not only to establish a terminal date for each spe-
cies, but to chart its range shifts and contraction in the trajectory to
extinction, which can then be compared in detail with archaeological
and environmental proxies over the same regions (e.g. Stuart and Lister,
2012, 2013). The aim is thereby to test for spatiotemporal correlation of
faunal response with potential drivers, either at the level of individual
species or of the large mammal community as a whole (Cooper et al.,
2015).
In this study we focus on a victim of the late-glacial to early
Holocene phase of late Quaternary megafaunal extinctions in northern
Eurasia, the giant deer Megaloceros giganteus (Blumenbach), also known
as the ‘Irish elk’. This species, among the largest deer to evolve, and
with the largest known antlers (Gould, 1974; Lister, 1994), belonged to
a radiation of Pleistocene deer, the Megacerini, and was probably the
most recent species of the group to go extinct, survived only by the
related fallow deer, Dama spp. (Lister et al., 2005; Hughes et al., 2006).
In a previous publication (Stuart et al., 2004), we mapped 76 direct
radiocarbon dates on M. giganteus which showed that the species sur-
vived well into the Holocene, to ca. 7.7 ka cal BP in a restricted area of
the Urals and western Siberia. Previous to this study the last popula-
tions were thought to have disappeared ca. 12.8 ka cal BP at the onset
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of the Younger Dryas at the edge of its range in north-west Europe. In a
subsequent contribution, van der Plicht et al. (2015) extended the early
Holocene range further east to the region of Lake Baikal, although the
very latest records remained in the Urals and western Siberia. The total
number of Holocene dates was still relatively few, however, so refining
the pattern of range shifts and extinction required further work.
The data presented by Stuart et al. (2004) also showed a substantial
gap in the temporal distribution of dates corresponding with Greenland
stadials GS-3 and GS-2 (broadly LGM), resulting in a lack of information
on the geographical location of refugia during this critical period. From
published associated dates we suggested that a likely LGM refugium
was in south-eastern Europe, particularly the area north of the Black
Sea (Stuart et al., 2004). However, this was based on archaeological or
faunal correlation, plus a few radiocarbon dates not directly on M. gi-
ganteus material, and so required corroboration.
In the present paper we have sought to address these questions with
a further, targeted radiocarbon programme that has significantly in-
creased the number of dated remains. These include a rediscovered
partial skeleton that is the equal-latest fossil of the species and extends
the mid-Holocene range to Eastern Europe.
2. Materials and methods
Samples of bone or dentine submitted to the Oxford Radiocarbon
Accelerator Unit (ORAU) as part of this study are from securely iden-
tified M. giganteus material. Identifications are based on observation of
actual specimens or photographs supplied by colleagues at the institu-
tions where the material is held, and utilise characters provided by
Lister et al. (2005) and Breda (2005). This was essential as many past
records of M. giganteus are based on misidentification of large red deer
(Cervus elaphus) or bovids (Bos/Bison) (e.g. Lister, 1987). In many cases
identification has now been confirmed by ancient DNA (aDNA) analysis
(Rey-Iglesia et al., in press). Dating at ORAU followed procedures
outlined in Brock et al. (2010) and included ultrafiltration to remove
low molecular weight contaminants (Jacobi et al., 2006). Published
dates from other laboratories and earlier non-ultrafiltered Oxford dates
have been carefully audited according to the criteria given previously
(Lister and Stuart, 2013), each with a simple ‘pass’ or ‘fail’ score, and
rejecting a date that fails on any criterion. Criteria for rejection include:
where the date is on associated material rather than on directly dated
M. giganteus remains; the identification is inadequate (e.g. ‘bone’ –
unless confirmed by aDNA); or where there is a possibility that ele-
ments from more than one individual were combined. We also reject
dates which were made before 1980, an arbitrary but appropriate cut-
off point, as routine purification of collagen was largely implemented
after that date.
Dates have been calibrated in OxCal 4.2 using the IntCal13 curve
(Bronk Ramsey, 2013). Where two dates have been obtained on the
same sample or on different elements from the same skeleton, a date
made with ultrafiltration has been chosen over one without (in all cases
these were older, implying removal of contaminants); or where both
dates were produced using the same technique, they have been aver-
aged using the ‘R_Combine’ option in OxCal.4.2. We use ka to indicate a
date and kyr to indicate a duration.
Mapping was done in ArcMap 10.2.2 (ESRI, 2011); time-bins for
maps are based mainly on boundaries of Greenland stadials (GS) and
interstadials (GI) (Rasmussen et al., 2014), but in some cases with
sparse coverage these were combined, while in some others the stages
were split to highlight range changes in giant deer. Ice-sheet extent is
taken from Ehlers and Gibbard (2004a & 2004b) for intervals up to and
including GS-3 (‘Mid-Weichselian’ map), for GS-2 (‘LGM’ map), and for
GS-1 (‘Younger Dryas’ map). Ice extent for other intervals is taken from
modelled data of PMIP2 (http://pmip2.lsce.ipsl.fr/design/ice5g/).
Bathymetry is taken from Lambeck and Chappell (2001, Fig. 3b) for
intervals since 21 ka, and Hu et al. (2010, Fig. 1a) for preceding in-
tervals. See Stuart and Lister (2012, supplementary table 3) for further
details.
3. Results
All dates used in this study are listed in Table S1. We also list re-
jected dates with the reasons for their rejection (Table S2), and samples
that failed due to absent or insufficient collagen content (Table S3). The
audited data are plotted as chronological charts (Fig. 1) and on maps
(Fig. 2).
In the present paper we accept a total of 134 dates (Table S1) that
meet our revised criteria (Lister and Stuart, 2013), of which 118 are
finite. Sixty-three of the dates are carried over from our 2004 study, 51
are new dates obtained by ourselves, and 20 are from other studies
published since 2004. Twenty dates are rejected as they do not meet our
revised criteria (Table S2), including 12 formerly accepted in our pre-
vious study (Stuart et al., 2004). The rejections are mostly based on
insecure identification as M. giganteus, or dates obtained pre-1980, but
their exclusion does not affect the observed chronological patterns (see
below).
3.1. Total range
Mapping all accepted dates, including those beyond the range of
radiocarbon dating (Fig. 2a) shows that the Late Pleistocene range ofM.
giganteus was considerably restricted compared with many other species
that went extinct from the late-glacial to the mid-Holocene, such as
woolly mammoth, woolly rhino and ‘cave’ lion (Stuart and Lister, 2011,
2012). This is in keeping with previous maps of M. giganteus distribu-
tion based on undated remains (Lister, 1994; Kahlke, 1999;
Vislobokova, 2012). The time-averaged distribution of M. giganteus
extended across the middle latitudes of Eurasia from Ireland and
northern Spain to east of Lake Baikal. Its northern limit was at about 58
oN and in Europe it extended southward to about latitude 43oN, but east
of the Urals it appears to have been confined to a narrow latitudinal
band between approximately 58° and 51oN. A very similar distribution
was found by Pushkina (2007, Fig. 5) including undated records. Unlike
mammoth, woolly rhino and cave lion, the giant deer was absent from
northern Siberia (and in consequence was never in a position to colo-
nize North America).
3.2. MIS 3 (pre-LGM)
M. giganteus dated records are widespread from each of the intervals
54.2–35.5 ka (GI 14 to GS 8) and 35.5–27.5 ka (GI 7 to GI 3) (Fig. 2b–c).
There are 52 dates (29 of them new) in these intervals, extending back
to the oldest median finite date of ca. 52 ka cal BP, close to the limit of
radiocarbon dating. It is not possible to differentiate detailed patterns
within this age range.
3.3. Early MIS 2, including last glacial maximum
In our original dataset (Stuart et al., 2004) there was a striking
absence of radiocarbon dates spanning most of GS-3 and GS-2, between
median dates of ca. 25360 cal BP (Amalda Cave, Spain) and 15320 cal
BP (Brandesburton, England). Both of these dates are now rejected
(Table S2), but the list of accepted dates still indicates a substantial gap
of ca. 10 kyr between Shul'govka Village (Ukraine) at 22870 +/100 BP
(27468-26990 cal BP; OxA-19655) and Sandalja Cave (Croatia) at
14035 ± 60 BP (17328-16782 cal BP; OxA-23785) (Table S1, Figs. 1a,
2d-f).
Markova et al. (1995 & pers. comm. 2008) listed six localities in
southeastern Europe (and one in southern Siberia) with remains of the
species believed to be of broadly LGM age, suggesting the location of a
refugium. We attempted to obtain samples of these specimens (plus two
believed to be of late-glacial age) for dating (Table 1). Several records
proved to be misidentifications, and identifiable M. giganteus remains
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that were available for sampling either had insufficient collagen for
dating, or produced dates that were pre-LGM (Table 1). We are there-
fore unable to corroborate an LGM refugium in this region.
In addition, three samples from levels E-F at Vindija Cave, Croatia,
whose context suggested possible ages within this interval (Miracle
et al., 2010), all gave older, finite dates> 40 kyr BP (Table S1). A
fragment of metatarsal shaft from Amalda Cave, Spain, gave a date of
21000 ± 40 BP (OxA-10103) (Stuart et al., 2004), but its referral toM.
giganteus cannot be confirmed on morphology and the sample failed to
yield usable aDNA (S. Brace, personal communication 2018).
Other possible LGM samples of M. giganteus remain to be dated, e.g.
from layer 3 at Brînzeni-1 Cave, Moldova (Croitor et al., 2014), with a
range of radiocarbon ages on reindeer and horse from ca. 26–17 ka BP
(Hedges et al., 1996). A single damaged molar from a large faunal as-
semblage at Montmorillon (La Piscine), Vienne, France has been re-
corded as M. giganteus (Delpech, 1983) and considered ‘Middle Mag-
dalenian’ in age, which could place it at ca. 18-16 kyr cal BP (Gaussein,
2013; Langlais et al., 2012), just after the LGM.
3.4. Late MIS 2 interstadial (Bølling/Allerød)
There are very few records from the Bølling Interstadial (GI-1e-d,
Fig. 1. Plot of radiocarbon dates for M. giganteus grouped geographically. Median calibrated dates shown with 95.4% confidence limits. A. Plot of audited calibrated
dates< 46 ka BP. Greenland stadials GS-3, GS-2, GS-1 and interstadial GI-1 are indicated; cold phases in blue, warm phases red. B. Plot of audited calibrated
dates< 18 ka BP. Greenland stadials GS-2, GS-1 and interstadials GI-1a-d are indicated; cold phases in blue, warm phases red. Climate curve from NGRIP Dating
Group (2008). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Maps of accepted median radiocarbon dates for M. giganteus. A. All dates, both finite and ‘infinite’ (Table S1); red: ultrafiltered date; pink: non-ultrafiltered
date; grey: ice sheets. B–K: Time-sliced maps, dates as indicated. L: All finite dates (ultrafiltered and non-ultrafiltered combined), divided by broad climatic interval:
yellow, pre-GS-2; blue, GS-2; green, GI-1 and GS-1; red, Holocene; shown with Younger Dryas ice (grey) and bathymetry. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (continued)
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Fig. 2. (continued)
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Fig. 2. (continued)
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Fig. 2. (continued)
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Fig. 2. (continued)
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14.6–13.9 ka; Fig. 2g), but they provide the first evidence of post-LGM
recolonization of north-west Europe by giant deer, as well as two new
records from southern Germany that extend the known European range
in this interval (Immel et al., 2015). There is also one dated record from
the Urals region.
Dated Allerød records (GI-1a-c, ca. 13.9–12.8 ka) are known only
from north-west Europe, but occur in higher density (around 30 dated
records with median dates in this interval) than for any other period
(Fig. 2h). The available dates suggest that while Britain was recolonized
in the Bølling, the giant deer did not reach Ireland until the Allerød,
with an earliest date of 11839 ± 44 BP (13758-13560 cal BP, KIA-
25455; Lister et al., 2005; Table S1).
Thus far, there are no dated records of giant deer from
Mediterranean Europe after the end of GS-2. Several faunal lists from
southern France include M. giganteus from levels said to be of ‘Late
Magdalenian’ age (potentially late-glacial), including Peyrat, Dordogne
(Bouchud, 1965), Vidon, Corrèze (Malvesin-Fabre, 1948), Le Morin BI,
Gironde (Delpech, 1983), and Valorgues, Gard (Bonifay, 1978), but
these warrant careful identification prior to potential dating. For ex-
ample, the mandible from Peyrat described by Bouchud (1965) is
clearly that of an elk (Alces alces), and some (possibly all) of the remains
from Valorgues illustrated by Bonifay (1978) are attributable to red
deer (Cervus elaphus). An identifiable sample of M. giganteus from ‘Late
Magdalenian’ levels at Chinchon 13, Vaucluse, failed radiocarbon
dating due to low collagen yield (Table S3).
We also lack material of this age from Siberia. M. giganteus was
recorded from Kokorevo II, near Krasnoyarsk (Yenisei region), con-
sidered to date to around 13 kyr BP (Markova et al., 1995) but the
species cannot be identified in the collection (A. Motuzko, pers. comm.
2008). Another record is from Verkholenskaya gora on the Angara
River near Irkutsk, with a date of 12570 ± 180 BP (Mo-441) on as-
sociated charcoal (Markova et al., 1995), but this could not be corro-
borated by direct dating as the location of the faunal material is un-
known (M. Erbayeva, pers. comm. 2008).
3.5. Late MIS 2 stadial (Younger Dryas)
In the Younger Dryas Stadial (GS-1, ca. 12.8–11.7 ka) there are
several records (including ultrafiltered dates) suggesting that the spe-
cies persisted in Ireland, Britain, southern Scandinavia and Urals/
Western Siberia into the early part of this stadial (Figs. 1b and 2i).
Remains from Milewater Dock, Belfast; Kilgreany Cave, Waterford,
Ireland; and near Malmö, Sweden, are ambiguous in that their 95.4%
confidence intervals span from the late Allerød to the early Younger
Dryas (Table S1). However, the 95.4% range for the skeleton from
Ireland figured by Reynolds (1929) (12705-12555 cal BP), and the
antler from the River Cree, Galloway, Scotland (12696-12410 cal BP),
postdate the start of the Younger Dryas as defined by the NGRIP
chronology (Rasmussen et al., 2014); and an antler from Glen Wyllin on
the Isle of Man (12880-12541 cal BP) and another from Vaevlinge,
Denmark (12796-12236 cal BP) marginally so, although the collagen
was not ultrafiltered. It should be borne in mind that recent accurate
dating has indicated that the cold conditions associated with the
Younger Dryas in Europe began up to 100 years later than the onset of
GS-1 in the Greenland ice core chronology (Lane et al., 2013), so just
plausibly, at the 95.4% limit, the Reynolds skeleton and the River Cree
antler might precede the climate shift.
Three Siberian dates apparently fall within the Younger Dryas
(Fig. 2i) – from Neviansk and Grotto Sikiyaz-Tamak in western Siberia
(Stuart et al., 2004) and from Ust’-Tushama 1 in eastern Siberia (van
der Plicht et al., 2015), the latter quite late in the interval. These form a
plausible ancestral population for the Holocene records in the region.
3.6. Early and Middle Holocene, ca. 11.7–7.0 ka
The survival of M. giganteus into the middle Holocene was first de-
monstrated from two localities in western Siberia, Redut on the Miass
River (7941-7794 cal BP) and Kamyshlov Mire (7795-7623 cal BP)
(Stuart et al., 2004). Two further specimens, from Chernigovo in the
Kuznetz Basin (11805-11339 cal BP) and Grotto Bobylek in the Urals
(11696-11242 cal BP), spanned the Pleistocene/Holocene boundary
(Table S1; Fig. 2j–k). Further Holocene dates obtained by van der Plicht
et al. (2015) at the Groningen laboratory have partially filled the
chronological sequence and extended the geographical range: Sopka 2
(8979-8610 cal BP) and Preobrazhenka 6 (8973–8591; date corrobo-
rated by ourselves at ORAU) in western Siberia, and Sosnovy Tush-
amsky (11067–10558) and Ust’-Talaya (10520-10255 cal BP) in the
Angara Basin, extending the range eastwards almost to Lake Baikal. The
Sopka 2 specimen (van der Plicht et al., 2015, Fig. 2) is an isolated
antler tine whose identity should ideally be corroborated by aDNA
analysis, but its size (417mm long) and flattened form render it very
likely M. giganteus.
Holocene dates from four further sites now extend the chronological
and geographical range (Fig. 2j–k). A date from Uluir Cave (11745-
11316 cal BP) provides another earliest Holocene date from the Urals,
while dates from nearby Chelyabinsk (9400-9130 cal BP) and Mergen 6
in western Siberia (two dates spanning 8186-7875 cal BP) further fill
the chronological sequence. Most significantly, a partial skeleton from
Maloarchangelsk not only has the youngest median date (by about 50
radiocarbon years) of M. giganteus so far dated, but extends the Holo-
cene range much further west into European Russia (Fig. 2k).
Table 1
Proposed records of Megaloceros giganteus from SE Europe during the Last Glacial Maximum.
Locality Proposed age in
radiocarbon years BP
(Markova et al., 1995)
Status of record Attempted direct AMS dating of M.
giganteus
Starye Duruitory (layer 2) NE
Moldova=Duruitory Veche
17000 M. g. material wrongly attributed to level 2. It came from
older levels of uncertain age (R. Croitor pers comm 2008)
Molar sample gave date of 37050 ± 450
BP (OxA-19630)
Kostenki 13 17000 M. giganteus has not been identified at this site (Rogachëv
et al., 1982)
–
Suren' I, S. Crimea 17100 Date of 17100 ± 700 (GIN-8081) was on unidentified
bone in layer 2 (Baryshnikov, 2006). More recent dates for
the archaeological levels at Siuren 1 centre around 28–30
kyr BP (Demidenko and Noiret, 2012)
Submitted newly-excavated M. giganteus
sample from Suiren’ I at IPH, Paris. Failed
(insufficient collagen)
Mysy, Volga nr. Kazan 20000 Samples from Mysy gave dates of
38,800 ± 1000 (OxA-26688) and
44100 ± 1900 (OxA-26687)
Perevoloki, Volga nr Volsk 20000 No direct dates – age uncertain (A. Markova, pers. comm.
2018).
Faunal material not located (T.
Kuznetsova pers. comm. 2010).
Batchatsky (Kuznetsk Basin) 20000 – –
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3.7. Middle Holocene remains from Maloarchangelsk, European Russia
A collection of M. giganteus remains in the collection of the Natural
History Museum, London (Fig. 3), is recorded as ‘found in a peat deposit
at Orlowschen, Maloarchangelsk district, Russia, in July 1878’. It was
purchased from P. Augustus Holst (a dealer and bird collector in Russia
and central Asia) in April 1883. The Maloarchangelsk District (52°24′N
36°30′E) is now in Oryol Oblast and situated some 300 km SE of
Moscow and 150 km E of the border with Ukraine. The originally re-
gistered finds comprised a skull with damaged antlers (now apparently
lost), a right mandibular ramus with P4-M1 in early wear and P2-P3
damaged (NHMUK PV M1126); three cervical vertebrae, of which two
survive (NHMUK PV M1127); 17 ribs (NHMUK PV M1131, registered as
‘horse’); a largely complete left half of a pelvic girdle and a smaller
fragment from the left side of another pelvic girdle (both NHMUK PV
M1128); and a left metacarpal (NHMUK PV M1129) and left calcaneum
(NHMUK PV M1130), both juvenile (unfused). TheM. giganteus remains
are associated with some 17 bones of juvenile horse (Equus ferus) re-
presenting at least two individuals.
The association of the giant deer remains is uncertain. The ribs in-
clude some left-right pairs and no duplicates, and are plausibly
associated. However, the two pelvic bones of identical size are both
from the left side and therefore indicate two adult individuals. The
mandible contains worn adult dentition but the metacarpal and calca-
neum are juvenile. It therefore seems that at least three individuals are
represented. We sampled the larger pelvic bone and the mandible, and
the dates were statistically indistinguishable: 7721-7597 cal BP (OxA-
19488) and 7716-7593 cal BP (OxA-19487), respectively (Table S1).
The median dates are slightly younger than that from Kamyshlov Mire
in western Siberia (Pavlova, 1906; Stuart et al., 2004), but the 95.4%
ranges overlap.
In size, all of the measurable adult remains fall well within the range
of samples from the Irish late-glacial, even toward their upper end in
many cases, suggesting male individual(s) (Table 2). Even the meta-
carpal and calcaneum, not yet fully-grown, fall within the Irish adult
range, although their diaphysis lengths are visibly somewhat shorter.
The skeleton from Kamyshlov (Fig. 4), of similar age, also gives no
indication of falling outside the Irish range of variation (Table 3).
3.8. Further possible Holocene remains
Possible Holocene records from western Europe have not been
Fig. 3. Holocene giant deer remains from Orlowschen, Maloarchangelsk District, European Russia, preserved at the Natural History Museum, London. A, Right
mandible, NHM PV M1126 (radiocarbon dated); B, juvenile left metacarpal, NHM PV M1129; C, juvenile left calcaneum, NHM PV M1130; D, two cervical vertebrae,
NHMUK PV M1127; E, Left innominate (pelvic girdle), NHMUK PV M1128 (radiocarbon dated); F, six representative ribs, NHMUK PV M1131. Scale bars in cm.
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corroborated. Initial early Holocene dates from Ballaugh, Isle of Man
and the River Cree, Scotland (Gonzalez et al., 2000) proved unreliable
and the samples were subsequently independently re-dated in two la-
boratories to the late-glacial (Stuart et al., 2004; Tables S1-2).
A skull of M. giganteus reported by Praeger (1891, p. 268; 1894, pp.
416–7) from excavations at Spencer Basin, Belfast Dock (Northern
Ireland) was said to have lain in the peat deposit which at several
nearby localities included remains of hazel, alder, oak, willow and pine
and was considered early Holocene (Boreal Period) in age
(Charlesworth and Erdtman, 1935; Mitchell and Parkes, 1949). How-
ever, Praeger (1894) indicates that the skull had been discovered by
workmen, so their statement that it was found in the peat layer might
be suspect (Mitchell and Parkes, 1949, p. 298–9, who incorrectly gave
the provenance as Alexandra Dock. At this nearby locality only red deer
and wild boar were found in the Holocene peat: Praeger, 1888). Praeger
(1894, p. 423) mentions the discovery of further bones of giant deer at
Spencer Dock shortly afterward, close to the spot where the skull had
been found, but in an immediately underlying bed of sand and gravel. A
similar stratigraphy is recorded at several locations within the area of
Belfast Docks, and two further skulls of M. giganteus, found in nearby
Milewater Dock in 1932, also came from sand deposits below the peat
layer (Charlesworth and Erdtman, 1935). The latter authors considered
the deposits to be of late-glacial age, a supposition confirmed by our
radiocarbon analysis of one of the skulls (Stuart et al., 2004; Table S1).
It is therefore plausible that the Spencer Basin skull also originated in
this deposit. Unfortunately, confirmatory dating was not possible, as a
search at Ulster Museum failed to locate the remains (James, 1982 &
pers. comm. 2002).
Guenther (1960) described a partial skeleton of giant deer from
Theresienhof (Schleswig-Holstein, Germany), and dated it by lithos-
tratigraphy and pollen-analysis to the early Holocene (Preboreal).
Kaiser et al. (1999), while not doubting the site stratigraphy, pointed
Table 2
Measurements of Holocene M. giganteus bones from Maloarchangelsk in comparison with a sample from the Allerød of Ireland (collections of the Natural History
Museum, London and National Museums of Ireland, Dublin). *unfused (juvenile) remains.
Element, and Maloarchangelsk NHMUK PV catalogue no. Measurement Maloarchangelsk (mm) Ireland, range (mm) & sample size
Mandible
M1126
Ramus length from angle to symphysis 340 315-345 (n= 9)
Maximum ramus W 38.5 35.5–42.6 (n= 24)
Length of P2-M3 alveolar row 170 159-173 (n= 24)
p4 L 26.4 21.3–24.3 (n= 18)
p4 W 18.0 14.9–17.5 (n= 18)
m1 L 26.1 25.0–29.5 (n= 22)
m2 L 32.5 28.5–33.0 (n= 22)
m2 W 21.8 20.4–23.9 (n= 21)
m3 L 44.5 40.0–47.2 (n= 24)
m3 W 22.7 19.3–22.8 (n= 24)
Metacarpal*
M1129
Proximal W 70.0 66.8–74.5 (n= 21)
Proximal D 48.9 46.3–54.1 (n= 22)
Complete pelvis
M1128
Acetabulum articular a-p diameter 78.0 67.5–78.0 (n= 5)
Acetabulum articular m-l diameter 74.6 62.1–77.0 (n= 5)
Ilium minimum W 51.8 44.0–59.4 (n= 5)
Fragmentary pelvis M1128 Ilium minimum W 51.8 44.0–59.4 (n= 5)
Calcaneum*
M130
Maximum diagonal width across distal articulation 62.8 61.8–73.0 (n= 28)
Fig. 4. Skeleton of Holocene giant deer from Kamyshlov Mire, Western Siberia,
preserved at the Sverdlovsk Museum of Local Lore: the Museum of Nature
(photo courtesy of Leonid Petrov).
Table 3
Measurements of the Holocene M. giganteus skeleton from Kamyshlov in com-
parison with a sample from the Allerød of Ireland (collections of the Natural
History Museum, London and National Museums of Ireland, Dublin).
Kamyshlov measurements from Pavlova (1906), given to the nearest 5mm.
Some of Pavlova's measurements have been excluded due to ambiguity in the
measurement protocol.
Element Measurement Kamyshlov
(mm)
Ireland, range (mm) &
sample size
Radius Greatest length 410 385-423 (n= 25)
Metacarpal Greatest length 330 322-354 (n= 21)
Prox articular width 65 63.0–71.0 (n=21)
Distal articular
width
70 69.5–78.2 (n=22)
Femur Greatest length 480 460-508 (n= 11)
Proximal width 160 145-163 (n= 11)
Tibia Proximal width 120 113-131 (n= 32)
Metatarsal Greatest length 360 345-376 (n= 23)
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out that ‘the piece was discovered by dredging at random and only later
assigned to a horizon due to adhering sediment residues’, and therefore
doubted its provenance from the early Holocene.
Bachofen-Echt (1937) illustrated bronze and gold Scythian engrav-
ings, dated to 600-500 B.C. (ca. 2500 cal BP), from the northern coast of
the Black Sea, which he interpreted as representations of M. giganteus.
Some of these, at least, seem unmistakable in the detailed form and
branching of the antler (especially the artwork from Maikop, Russia;
Bachofen-Echt, 1937, Fig. 4). Bachofen-Echt concluded that M. gigan-
teus had survived in the region until that time, and this was accepted by
Kurtén (1968). Lister (1992) agreed that the illustrations might re-
present M. giganteus but suggested that they could have been based on
fossil antlers exhumed by the Scythian people. Vereshchagin (1967 p.
343) pointed out that there are no Holocene fossils of the species in the
Black Sea region and considered the artwork to represent red deer.
Despite the subsequent discovery of Holocene remains of giant deer to
ca. 7600 cal BP, an implied ‘ghost range’ of some 5000 years is at best
speculative in the absence of tangible fossils.
Suggestions that giant deer remains from Ukraine (Tarasovka in the
Dniepr valley; Pidoplichko, 1951) are Holocene were based on bone
preservation and require confirmation (Vereshchagin and Baryshnikov,
1984, p. 500).
4. Discussion
4.1. Overall range and ecology
The latitudinally narrow distribution ofM. giganteus (Fig. 2a) can be
compared with modelled vegetation of the last glaciation by Allen et al.
(2010 & pers. comm. 2013). This suggests that during the last glaciation
the deer in the Asian part of their range inhabited an ecotonal area
between regions of desert or semi-desert to the south and steppe-tundra
vegetation to the north, within a narrow strip of ‘boreal parkland’ or
‘boreal steppe-woodland’ extending between them and narrowing
somewhat eastwards (Allen et al., 2010, Figs. 3–7). This ‘boreal park-
land’ vegetation comprised scattered pine or spruce (also possibly some
boreal summergreen trees) in a herb-shrub matrix with taxa such as
grasses, sedges, Artemisia, Ephedra and Chenopodiaceae. This type of
parkland vegetation would have provided both grazing and browsing
opportunities for the giant deer. Moreover, this vegetational pattern
appears to have been rather consistent through the last glaciation,
corresponding to the consistency of range through the known history of
the giant deer (Fig. 2). In the Holocene the region was still an ecotone,
now between boreal forest to the north and steppe to the south. The
deer seem to have been absent from areas where Allen et al. (2010)
model any abundance of temperate summergreen trees, possibly due to
limited mixed-feeding opportunities or risk of entanglement of fully-
grown antlers in the males.
Evidence of the giant deer's feeding adaptations corroborates this
picture. Its mesodont cheek teeth (i.e. of moderate crown height) sug-
gest thatM. giganteus was a mixed feeder, i.e. with a diet including both
browse and graze. Dental microwear and mesowear in a range of
Middle to Late Pleistocene populations indicate a wide range of dietary
behaviour including grazing, leaf browsing and mixed feeding, but
generally tending toward mixed feeding and grazing (Rivals and Lister,
2016; Saarinen et al., 2016). In the MIS3 sample from Kent's Cavern,
Devon (UK), both microwear and mesowear suggest an approximately
equal balance of browse and graze in the diet (Rivals and Lister, 2016),
whereas in the Irish late-glacial the diet was more strongly graze-
dominated (Saarinen et al., 2016). Analyses of stable isotopes δ 13C and
δ 18O from the molar enamel of seven Irish giant deer corroborates a
diet of grass and forbs supplemented with browse (Chritz et al., 2009).
Van Geel et al. (2018) extracted plant matter from the infundibula
of an M. giganteus molar from the southern North Sea and obtained
pollen spectra dominated by Artemisia and other Asteroideae. Taxa
present in smaller quantities included the steppe-adapted Plantago
(plantain), Helianthemum (sun rose) and Plumbaginaceae (leadwort
family), as well as (presumably dwarf) willow, Salix. The remains are
radiocarbon-dated to ca. 42–43 ka cal BP (GI-11) and van Geel et al.
(2018) conclude that the animal was living and feeding in a ‘steppic’
environment. Saarinen et al. (2016) also found that the species tends to
be associated with open and semi-open environments through its
Middle to Late Pleistocene European range. Nonetheless, M. giganteus
cannot be considered a typical member of the late Pleistocene ‘mam-
moth steppe’ fauna. It is completely absent from vast areas of northern
Asia where species of this fauna such as mammoth, woolly rhinoceros,
bison and horse are abundant (Kahlke, 1999). It vacated Europe
through GS-3 and GS-2 when the ‘mammoth steppe’ fauna persisted
(Stuart and Lister, 2012), and conversely is common in interglacial
contexts in temperate-zone to Mediterranean Europe where mammoth
and woolly rhinoceros are absent (Bradshaw et al., 2003, Table 1).
4.2. Distributional change
4.2.1. LGM refugia
The giant deer reached its maximal last-glacial range in MIS 3, from
the limit of the radiocarbon record to around 27.5 ka. From the start of
MIS 2, however, this situation changed drastically. There are no dated
records of M. giganteus for the majority of GS-3 (27.6–23.3 ka), GI-2
(22.3–22.9 ka) and the first half of GS-2 (22.9–14.6 ka). This striking
gap in the radiocarbon record spans some 10 kyr around the Last
Glacial Maximum. The latest date prior to the gap, from Shul'govka
Village (Ukraine) (ca. 27.5–27.0 ka cal BP), is close to the start of GS-3
at 27.6 ka. The apparent sharp cut-off in dated Megaloceros giganteus
records at this time implies contraction to refugia, and can reasonably
be attributed to the deterioration in temperature and vegetational
productivity that marked the onset of MIS 2, and specifically to re-
striction of the ‘parkland’ habitat favoured by the species. A significant
reduction in genetic diversity and estimated population size around the
LGM has also been demonstrated using aDNA (Rey-Iglesia et al., in
press).
We still lack dated remains to definitively identify the location of
the LGM refugia. However, in the interval ca. 30–27 ka (just before and
around the onset of GS-3) there are records from southern Europe (Italy,
Serbia, SW Russia, and the Ukrainian record mentioned above), sug-
gesting that these areas included subsequent refugia, although they
were not yet refugia as there are records of similar age in England,
Belgium and Germany (Table S1). The earliest records after the LGM
(late GS-2, ca. 17–16 ka cal BP) are again from the Balkans (Sandalja,
Croatia) and south-west Russia (Volga-Don Channel), again hinting at
the presence of refugia in these regions (Fig. 2f). There is also a record
of this age from south central Siberia (Volchika II), in the ecotonal re-
gion discussed above, so this may also have been a core area where the
species survived the LGM.
The long LGM gap in dated remains and evident restriction of range
contrasts with species such as mammoth and woolly rhinoceros, which
show more limited range reductions during these stadials (Stuart and
Lister, 2012). These different responses reflect the contrasting ecolo-
gical tolerances of these species to the increasingly cold, open en-
vironments of the LGM and their associated vegetation (Stuart et al.,
2004; Lister and Stuart, 2008).
4.2.2. Late-glacial recolonization
Re-colonization of central and northern Europe in the late-glacial
must have taken place from GS-2 refugia, either those suggested as
above, and/or other(s) yet to be identified. In Europe the posited re-
fugia imply a northward or northwesterly migration, and this has been
supported by ancient DNA evidence (Rey-Iglesia et al., in press).
Until recently, the European late-glacial distribution appeared re-
stricted to the north-west of the continent, but records from southern
Germany early in GI-1 (Immel et al., 2015) begin to illustrate the route
of northward dispersal from southern refugia. Nonetheless, all
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remaining records for the Bølling (GI-1a-b), and all for the Allerød (GI-1
c-e) are from the British Isles, northern Germany and southern Scan-
dinavia. If this pattern is genuine it indicates a range shift (southern as
well as northern boundary moving northwards), rather than the ex-
pansion (northern boundary moving northwards while southern
boundary remains stationary) generally assumed for post-LGM re-
colonizations (e.g. Hewitt, 2000). In either case, it is significant that the
earliest records in central and northern Europe (Isle of Man, median age
14600 cal BP; Hohle Fels, median age 14379 cal BP) closely follow the
initial warming of the Bølling interstadial (14700 cal BP) and con-
sequent increase in plant productivity.
At present it is not clear why giant deer didn't remain in the
southern part of its pre-LGM (and presumed LGM) range, but denser
tree cover may have been responsible. A pollen-based map of European
vegetation during the late-glacial (Bølling/Allerød) interstadial
(Simakova and Puzachenko, 2005) shows a division between vegetation
types in Western and Central Europe – to the north of 49–51°N peri-
glacial forest-tundra-steppe, described as a combination of shrub
tundra, pine-birch forests and tundra-steppe plant communities, very
similar to the preferred habitat of M. giganteus as deduced above; to the
south, a range of vegetation types with dominant forest element (birch,
pine-birch or pine-spruce). The line dividing these biomes closely
matches the dated Allerød records of giant deer, all of which lie to the
north of it. A similar pattern is seen in the more densely-sampled pollen
maps in Binney et al. (2017).
The colonization of Ireland (apparently in the Allerød) presents a
particular interest. The giant deer was present in Britain by the Bølling,
so colonization of Ireland from Britain is implied. There are several
dates of both Bølling and Allerød age from the Isle of Man in the in-
tervening Irish Sea, but the sea is much deeper on the Irish than the
British side of the island, so these remains can be considered part of the
British population and the Isle of Man has not been proposed as a likely
colonization route. Early discussion of land-bridges (e.g. Devoy, 1985)
focussed on a more northern route, specifically between south-west
Scotland and Northern Ireland, but modelling of the late-glacial period
fails to predict a land-bridge here (Brooks et al., 2011). Conversely,
Lambeck (1993) and Wingfield (1995) argued for extensive areas of
exposed land further south, between south-west Britain and southern
Ireland (the Bristol Channel area), during this interval. Investigation of
cores from this region (the Celtic Deep Basin; Furze et al., 2013) is
suggestive of an ‘ephemeral’ land connection prior to the Younger
Dryas, although the data are not conclusive. A third possibility is direct
survival from the MIS 3 population evidenced by remains from several
localities in southern Ireland, including dated specimens from Castle-
pook Cave, Co. Cork (Fig. 2c & Table S1). However, recent re-
constructions suggest that the whole of Ireland was ice-covered from 27
to 23 ka cal BP, in the later part of that interval the ice sheet even
obliterating a potential refugium in emergent land in the present Celtic
Sea to the SW of Ireland (Clark et al., 2012). The issue remains un-
resolved.
A single Russian Bølling record, from Berezovky Log in the Ural
Mountains north of Ekaterinburg (Fig. 2g), illustrates a plausible an-
cestral population for the later (Younger Dryas to Holocene) survival in
the region.
4.2.3. Younger Dryas to Holocene
M. giganteus appears to have been extirpated from north-west
Europe within the Younger Dryas cold phase, but survived the period in
southern Siberia. By the early Holocene its known range was restricted
to Russia, but the overall (time-averaged) extent was much more ex-
tensive than originally thought (Stuart et al., 2004), with twelve lo-
calities now known, extending from the west of European Russia
(Maloarchangelsk) almost to Lake Baikal.
The latest dates (Kamyshlov and Maloarchangelsk) suggest extinc-
tion soon after ca. 7.7–7.6 ka cal BP, although because of the relative
paucity of available dates it is possible that future work may
demonstrate even later survival.
4.3. The pattern and causes of extinction
4.3.1. Pattern of extinction
The trajectory to extinction over some 20 kyr is marked by a dra-
matic pattern of range expansions and contractions. The relatively wide
pre-LGM range was never regained; the known late-glacial range was
patchy with dated records restricted to north-west and central Europe
and very sparse records across Russia. The limited European range is
likely to be genuine but whether the wide geographical gaps further
east are due to paucity of sampling is uncertain. By the Holocene on
current evidence, the range had contracted to mid-latitudes of Russia;
again, whether this range was continuous or fragmented is unknown
(van der Plicht et al., 2015). This region can, however, plausibly be
considered the ‘core’ range of the species, as there was persistence in at
least parts of this broad area throughout the radiocarbon record
(Fig. 2l). In this respect the pattern conforms to the model of a species
contracting to its core area before extinction (von Koenigswald, 1999).
4.3.2. Environmental change
Palaeoenvironmental changes were clearly important in forcing the
major range changes and contractions in the trajectory to extinction.
The LGM contraction of range is highly unlikely to have been driven by
humans since the deer were contracting into refugial areas where
human density was itself higher; and similarly, the late-glacial re-ex-
pansion, whose timing corresponds closely to the Bølling warming, also
corresponded to, or followed, human expansion into the same areas
(Gamble et al., 2004).
Discussion of the causes of extinction of the giant deer have focused
mainly on the north-west European (especially Irish) population that
died out around the start of the Younger Dryas Stadial. At Ballybetagh,
a key Irish locality, pollen and plant macrofossils from the layer bearing
giant deer remains (second half of Woodgrange interstadial, equivalent
to the Allerød), record ‘short grassland with small herbs and shrubs and
some stands of Betula pubescens (tree birch)’ (Watts, 1977). In the
subsequent Nahanagan Stadial (Younger Dryas) the pollen assemblage
begins with a peak of Cruciferae, taken to signal the deterioration of
stable grasslands, possibly from the effects of solifluction, as the climate
cooled towards arctic-alpine conditions recorded by a subsequent Ar-
temisia phase (Watts, 1977; Mitchell and Parkes, 1949; Barnosky,
1986). Shrubs greatly decrease (Juniperus and Empetrum drop out of the
record), Betula and grasses reduce in abundance, and dwarf willow
becomes dominant. Vegetational modelling shows tree and shrub pro-
ductivity declining to zero in northwest Europe during earlier Heinrich
events (H1-H5; Huntley et al., 2013), and this was likely the case for the
Younger Dryas (H0) as well. Van Geel et al. (2018) further suggest that
the late-glacial and early Holocene across much of northern Eurasia saw
a ‘decreasing availability of palatable plants with high-Ca biomass’, due
partly to the development of acidic soils based on Aeolian sands left by
the last glaciation.
Barnosky (1986) argued that the Younger Dryas reduction in nu-
tritious plants reduced growth, winter survival and reproduction in the
Irish deer, and also compromised the males’ ability to grow their huge
antlers. This idea was taken up by Moen et al. (1999), who modelled the
nutritional requirements of antler growth and concluded that the re-
duction in forage density in the Younger Dryas would have made it
difficult for calcium and phosphorus to be replenished, as well as fat
reserves depleted during the rut. Environmental change would have
selected for smaller antlers and smaller body size but this was opposed
by sexual selection for larger antlers and body size. Moen et al. (1999)
suggested that the inability to balance these opposing selection pres-
sures in the face of rapid environmental change contributed to the ex-
tinction of the species. Worman and Kimbrell (2008) countered that in
the face of nutritional stress the antlers would have rapidly decreased in
size both ecophenotypically and by selection, and that male mortality
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alone would in any case be unlikely to lead to extinction. They focussed
instead on female reproduction, and modelling the effects of a reduced
growing season in the Younger Dryas, found that nutritional stress in
the females reduced fecundity by 50%, to below the threshold for po-
pulation survival.
The discovery that giant deer survived until the mid-Holocene in the
eastern part of its range requires us to look beyond the Younger Dryas
of western Europe to explain its extinction. Considering the finds from
west to east, the newly-dated remains of giant deer at Maloarchangelsk
in western European Russia, indicate survival in this region to ca. 7600
cal BP. Pollen from the adjacent upper Don Basin indicates a reduction
in non-arboreal pollen and a significant change in forest composition
from 7800 cal BP, concomitant with the warming marking the begin-
ning of the Holocene thermal maximum (Novenko and Olchev, 2015).
In the Urals and adjacent western Siberia, with similar survival
chronology, palaeobotanical data indicate that the Younger Dryas on
the eastern slopes of the range saw the persistence of grass–shrub ve-
getation and open woodland with larch, spruce, pine and birch trees —
explaining M. giganteus survival here in contrast to western Europe.
However, around 8 ka cal BP dry steppe spread over western Siberia
while closed forest developed in the mountains (Panova, 1996; Zakh
et al., 2010). If neither of these provided suitable habitat for the species
this change may have caused or contributed to the extirpation of this
population at that time (Stuart et al., 2004).
Further east, in the southern part of Western Siberia, late M. gi-
ganteus is recorded at Chernigovo (Younger Dryas/Holocene boundary)
and Preobrazhenka 6 (mid-Holocene, 8973-8591 cal BP).
Palaeobotanical evidence from this region indicates that until ca. 7 ka
cal BP, the prevailing landscapes were forest steppe, the open areas
dominated by grasses, chenopods, sagebrushes, and sedges with groves
of birch, spruce, and fir in the river valleys (Orlova, 1990; Levina and
Orlova, 1993; van der Plicht et al., 2015). But a major change to dense
forest has been dated to ca. 7 ka cal BP (Blyakharchuk, 2003; van Geel
et al., 2018). Given uncertainty as to the actual terminal date of the
species in the region, extirpation due to the spread of forest is a plau-
sible contributing factor.
The currently latestM. giganteus in the easternmost part of its range,
in the Angara basin, have median dates ca. 10,700–10,400 cal BP
(Table S1; van der Plicht et al., 2015). Palaeoenvironmental data from
the Angara-Lena Plateau indicate forest tundra 11,700–9500 BP
(Bezrukova et al., 2014) and until 8000 BP open larch and spruce for-
ests with large meadows (Bezrukova et al., 2011). A pollen core from
Lake Baikal shows forest steppe in early Holocene, but after ca.
10 kyr cal BP taiga became the ‘dominant biome’ (Tarasov et al., 2007).
van der Plicht et al. (2015) suggest that this increase of forest land-
scapes in the Middle-Late Holocene contributed to the extirpation of the
giant deer in the region.
4.3.3. Body and antler size
Previous studies have suggested that the nutrient requirements of
antler growth proved critical at times of environmental stress, and that
the latest (Allerød) populations from the westernmost margin of the
species’ range may have suffered reduction in body and antler size
(Barnosky, 1985; Moen et al., 1999; Gonzalez et al., 2000).
Barnosky (1985) presented data to suggest that giant deer from
Ballybetagh were somewhat smaller, and with relatively smaller an-
tlers, than those form other Irish localities, although the difference in
mean skull length, while statistically significant, was only 2%. A date of
10,610 ± 495 (UB-2699) on M. giganteus from the site suggested the
Ballybetagh population was late, close to the date of extinction, and
Barnosky (1985) suggested this might reflect stunted growth due to
deteriorating conditions, or else differential winter death of poor-
quality individuals. This median date would indeed be the youngest of
all dates now known for Ireland (Table S1), although its very wide
95.4% calibrated range (13551-11101 cal BP) spans most of the
chronological range of Irish late-glacial records (Table S2). This
question requires further investigation.
Gonzalez et al. (2000) found that two skeletons from the Isle of Man
were smaller than the range of the Allerød population from Ireland.
These were originally considered Holocene in age, so it was unclear if
this might be a chronological effect (a possible size reduction in a
terminal population) or a geographical one. Their re-dating to the
Allerød (contemporary with the Irish population) would suggest the
latter, although not an ‘island effect’ as the Isle of Man was connected to
Britain, and Britain to the continent, until the early Holocene.
Although sample sizes are small, there is no evidence of size or
antler reduction in the Holocene populations of giant deer further east.
The Maloarchangelsk material, from at least three individuals, provides
no evidence of size reduction in the latest known population, and the
same is true of the Kamyshlov skeleton, of similar age (see above).
Further Holocene remains from western Siberia (Preobrazhenka 6) and
eastern Siberia (Angara basin) are also within the range of earlier po-
pulations (van der Plicht et al., 2015).
Worman and Kimbrell (2008) recognised that their model of nu-
tritional stress in the Younger Dryas (see above) might predict a re-
duction in body and antler size of the deer. They note that, unlike
smaller islands where Pleistocene ungulates often dwarfed in the ab-
sence of predators and competitors (Raia and Meiri, 2006), late-glacial
Ireland had wolves, brown bears, and reindeer (Woodman et al., 1997).
Worman and Kimbrell (2008) suggest that large size enabled the Irish
elk to escape predation by conferring greater speed and strength and by
removing the risk from smaller predators. Additionally, the females had
to be massive enough to produce large, well-developed young that
could escape from predators soon after birth. They conclude that “the
Irish elk were likely trapped between worsening habitat conditions
requiring smaller body sizes and predation/competitive pressures re-
quiring large body sizes”, accounting for minimal size reduction even in
the face of nutritional stress.
4.3.4. Humans
Potential predators of giant deer include cave lion Panthera spelaea,
spotted hyaena Crocuta crocuta, wolf Canis lupus, brown bear Ursus
arctos, and humans - neanderthal Homo neanderthalensis and modern
human Homo sapiens. Gnawing and chewing marks indicate that M.
giganteus was eaten (hunted or scavenged) by spotted hyaenas at several
central European sites (Diedrich and Žák, 2006) as well as in Britain
(Kent's Cavern, pers. obs. AML) and Spain (Altuna and Mariezkurrena,
2000). However, Neanderthals had become extinct ca 41–39 ka, spotted
hyaena was probably extirpated from northern Eursia ca. 31 ka, and
cave lion by ca.14 ka (Stuart and Lister, 2012; Stuart, in press 2019), so
these species could not have impacted giant deer populations after
these dates.
Many of the known finds of M. giganteus are from archaeological
sites (e.g. Lister, 1994; Croitor et al., 2014; Vasiliev et al., 2013), al-
though relatively few have been reported to show direct evidence of
human utilisation. A mandible from Ofatinţi, Moldova, considered to
date to the last interglacial or early last glaciation, “is peculiar because
it has ancient tool-made notches on its lateral side” (Croitor et al.,
2014). In the Chatelperronian levels of Labeko Koba, Spain, a few of the
M. giganteus bones bore ‘puncture marks’ which Villaluenga et al.
(2012) interpret as signs of human activity. A skull from Lüdersdorf,
Germany, dated to 13710-13215 cal BP (Table S1), had the antler and
facial part of the skull removed in a way that appeared likely to have
been humanly-caused (Bratlund, 1994). At the early Holocene site of
Sosnovy Tushamsky (Table S1), the calcaneum of an articulated lower
hind limb bore “two short and deep traces of cutting blows” (Vasiliev
et al., 2013), clear evidence of butchery, and the animal may well have
been hunted but, as in nearly all such cases, this is impossible to prove.
There are also instances of likely utilisation of antler bases, although
these cannot derive from hunted animals as the antlers had been shed.
At the site of Endingen VI, Germany (Allerød), a shed antler base of
giant deer appears to have been used as a ‘core’, yielding ‘blanks’ for the
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production of barbed projectile points (Kaiser et al., 1999; M. Street,
pers. comm. 2019). The use of the ‘groove and splinter’ technique is
considered to be a link between late-glacial and Holocene (Mesolithic)
technology. At another German site of similar age, Paderborn, a ring-
like mark on a shed antler-beam of giant deer has been interpreted as
humanly-made (Baales et al., 2012). At the Upper Palaeolithic site of
Mizyn, northern Ukraine, a shed antler-base has been interpreted as “a
hammer for a drum-like instrument made of mammoth bones”
(Nuzhnyy, 2008; Croitor et al., 2014). Conversely, a worked fragment
of antler from Ballyoran Bog, Co. Cork, Ireland, dates to the Allerød
(Table S1), but was associated with a Neolithic or later trackway and
very probably was found and worked well after the extinction of the
species (Tierney et al., 2006).
The extirpation of the giant deer in Ireland has been almost uni-
versally considered to result from climatic and vegetational effects, as
humans were thought not to have arrived until the early Holocene (e.g.
Barnosky, 1986; Stuart et al., 2004). Until recently, the earliest record
of human presence in Ireland was the Early Mesolithic hunter-gatherer
camp at Mount Sandel, Co. Derry, dated to 10,290–9790 cal BP
(8990 ± 80 BP; UBA-2357) (Bayliss and Woodman, 2009; Dowd and
Carden, 2016), post-dating the latest dates on Irish M. giganteus.
The recent discovery of an unquestionably humanly-modified (cut-
marked) brown bear (Ursus arctos) patella from Alice Cave in County
Clare in the west of Ireland (Dowd and Carden, 2016) has altered this
picture. Two radiocarbon determinations from the patella, undertaken
in different laboratories, are in close agreement and place the find at ca.
12.8–12.6 ka cal BP – early in the Younger Dryas and very close in age
to the latest dated Irish giant deer. This means that Late Upper Pa-
laeolithic people were in Ireland at the time and potentially in a posi-
tion to hunt the giant deer and, in theory, contribute to its extinction.
However, no cut marks or breakage indicative of human activity have
been found on any of the thousands of bones of deer from Ireland
(Barnosky, 1986), and taking the archaeological record as a whole,
Dowd and Carden (2016) caution that “human travellers ‘visiting’ Ire-
land at that time, presumably by boat … may reflect a brief small scale
human incursion”. In north-west continental Europe, on the other hand,
modern humans are now recognised to have maintained their popula-
tions and hunting strategies through the stadial conditions of the
Younger Dryas (Straus and Goebel, 2011 and papers cited therein).
In the Upper Don valley, within the region of the Maloarchangelsk
M. giganteus at 7.7–7.6 ka cal BP, human settlement began with the
early Neolithic from around 7.3 kyr cal BP, although the early Neolithic
impact on the environment is believed to have been patchy and local
rather than regional (Novenko et al., 2012). In the trans-Ural region,
where the latest known M. giganteus are dated to ca. 7.9–7.6 ka cal BP
(Stuart et al., 2004), the arrival of the Neolithic has been dated to ca. 8
ka cal BP (Vybornov et al., 2014).
Finally, in the Baikal region (including the Angara Basin from which
the latest M. giganteus are dated to ca. 10.7–10.4 kyr cal BP), Neolithic
people in the form of the Kitoi culture arrived ca. 9 kyr cal BP (Tarasov
et al., 2007). This population of ‘hunters, fishers and gatherers was very
sparse and continued a Mesolithic subsistence without agriculture. So
far there is no proof that these cultures contributed to the clearing of
the landscape to an extent that it became visible in the Lake Baikal
pollen record’ (Tarasov et al., 2007).
4.3.5. Synthesis
With the exception of the Irish late-glacial, finds of M. giganteus,
throughout its Pleistocene history, are generally low in abundance at
sites where they occur, suggesting that it was generally a rare species
(Delpech, 1983; Lister, 1994). Furthermore, the fossil record of the
species across central latitudes of Eurasia after the Last Glacial Max-
imum is sparse, suggesting a fragmented metapopulation. In this si-
tuation, relatively subtle changes in the animals' habitat could have
impacted its survival and extirpated local populations. As argued above,
the preferred habitat of the giant deer was a semi-open, mixed but
productive environment with availability of both browse and graze. In
the north-west European part of its range, extirpation coincided closely
with the climatic deterioration of the Younger Dryas and the replace-
ment of a productive mixed habitat with a tundra-like landscape. Fur-
ther east, in each of the regions of Russia where giant deer survived to
the Holocene, the latest records roughly coincide with a transition from
mixed ‘forest-steppe’ habitats to a predominance of closed forest. It is
therefore plausible that the extirpation of each of these populations
(and hence the extinction of the species) was driven by loss of suitable
habitat. For the Siberian refugia, vegetational data in adjacent areas
should ideally be examined for evidence of suitable habitat which could
in theory have allowed the continuing survival of the populations.
The possibility of changes in adaptation of M. giganteus should also
be considered. The species had survived at least four earlier inter-
glacials (Bradshaw et al., 2003), so why not the Holocene? Lister (1994)
noted that remains of the giant deer from the Last Interglacial (MIS 5e)
and early last cold stage (MIS 3) in Europe differed morphologically
from those of the late-glacial in stouter limb bones and somewhat more
upright antlers with less prominent palmation tines. Rey-Iglesia et al.
(in press) note loss of mitochondrial lineages when comparing pre- and
post-LGM samples. Whatever the precise adaptive significance of these
changes, they may point to a shift in the adaptive niche of the species
during its LGM refugial phase, or possibly the spread of a differently-
adapted population (van der Made, 2006). This might explain the re-
stricted early Holocene range and also the species’ heightened intoler-
ance of densely wooded environments.
However, there are also coincidences in timing between terminal
dates of M. giganteus and the spread of human populations. People were
present in north-west Europe at the time of extirpation of the species in
that region, including, as now seems likely, in Ireland. The latest known
dates for the species across Russia also correspond closely enough,
given the paucity of sampling, with the arrival of Neolithic human
populations in each region. Yet the archaeological evidence suggests
low human density, with limited environmental impact. This would
imply that landscape alteration was not a significant factor in threa-
tening deer populations, while hunting remains a possible, but un-
proven, factor.
Body-size reduction in terminal populations has been suggested as a
marker for environmental deterioration driving extinction in late
Quaternary megafauna (e.g. Guthrie, 2006), but its absence does not
necessarily implicate hunting by default (Koch and Barnosky, 2006). As
discussed above, the apparent maintenance of ‘normal’ body size in the
latest-knownM. giganteusmay be due to countervailing selective forces,
while others have suggested that hunting pressure might itself reduce
body size of megafaunal species by imposing an r-selective regime
(McDonald, 1984; Fisher, 2009).
Summarising the above, it seems clear that environmental factors,
cumulatively over thousands of years, reduced giant deer populations
to a highly vulnerable state. In this situation, even relatively low-level
hunting by small human populations could have contributed to its ex-
tinction. For example, Stuart et al. (2004) noted that in the Urals/
western Siberia region, known Mesolithic and Neolithic settlements are
largely located on the banks of rivers and lakes (Panova, 1996). They
suggested that while Megaloceros survived in the Ural foothills it was
relatively safe from human predation, but when forced onto the plain
by vegetational changes ca. 8 ka (see above), it became critically vul-
nerable to increased hunting pressure. Worman and Kimbrell (2008)
similarly concluded that “in worsening habitat conditions, when Irish
elk prime reproductive rates dropped, …even low levels of hunting
pressure may have been unsustainable”. It is alternatively plausible that
in this situation, with the species reduced to small, vulnerable popu-
lations, its extinction was inevitable even without human impact,
analogous to the ‘extinction debt’ posited for many threatened species
today (Lister and Stuart, 2008).
A.M. Lister and A.J. Stuart Quaternary International 500 (2019) 185–203
200
Acknowledgements
The Natural Environment Research Council has supported our re-
search on late Quaternary megafaunal extinctions (Grants NE/
G00188X/1, GR3/12599, NE/D003105, NE/G00188X/1, NE/
P002536/1). We would like to thank the many individuals who have
contributed expertise, data and/or samples for 14C dating, including:
Kim Aaris-Sørensen, Judy Allen, Jesus Altuna, Ian Barnes, Gennady
Baryshnikov, Ana Belen, Norbert Benecke, Paolo Boscato, Katie Boyle,
Selina Brace, Marzia Breda, the late Victoria Cabrera-Valdés, Victor
Chabai, Brian Cooper, Evelyne Crégut, Roman Croitor, Andrew Currant,
William Davies, Vesna Dimetreyivich, Emmanuel Discamps, Juergen
Ehlers, Margarita Erbayava, Irina Foronova, Mietje Germonpré, Kate
Hawkins, Peter Heintzman, Tom Higham and the staff of the Oxford
Radiocarbon Accelerator Unit, Brian Huntley, the late Roger Jacobi,
Kenneth James, Tina Jahnke, Laura Kaagan, Ralf Kahlke, Andrew
Kitchener, Wighart von Koenigswald, Thijs van Kolfschoten, Pavel
Kosintsev, Tatyana Krakhmalnaya, Yaroslav Kuzmin, Tatyana
Kuznetsova, Ronnie Lilijgren, Stephane Madaleine, Pierre Magniez,
Anastasia Markova, Jessica Masse, Preston Miracle, Dick Mol, A. N.
Motuzko, Pavel Nikolskiy, Laura Niven, Gérard Onoratini, Martina
Pacher, Adam Nadachowski, Ana Pinto, Alba Rey-Iglesia, Natasha
Reynolds, Marius Robu, Benedetto Sala, Alexander A. Shchetnikov, the
late Andrei Sher, Andrei Shpansky, Robert Sommer, Martin Street, the
late Leopold Sulerzhitsky, Antonio Tagliacozzo, Alexei Tikhonov, Peter
Tomiak, Philippa Tomlinson, the late Alan Turner, Elaine Turner,
Sergey Vartanyan, Inessa Vislobokova, Alex Vorobiev, Dustin White,
Piotr Wojtal and Natasha Zaretskaya.
Especial thanks to Pavel Kosintsev and Pavel Nikolskiy for providing
Megaloceros samples from Russian sites, to Tom Higham and the staff of
the ORAU for radiocarbon dating. We are also grateful to Leonid Petrov
and NHM photo unit for photographing the Kamyshlov skeleton and
Maloarchangelsk fossils, respectively.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.quaint.2019.03.025.
References
Allen, J.R.M., Hickler, T., Singarayer, J.S., Sykes, M.T., Valdes, P.J., Huntley, B., 2010.
Last glacial vegetation of northern Eurasia. Quat. Sci. Rev. 29, 2604–2618.
Altuna, J., Mariezkurrena, K., 2000. Macromamíferos del yacimiento de Labeko Koba
(Arrasate, País Vasco). Munibe 52, 107–181.
Baales, M., Birker, S., Pollman, H.-O., Rosendahl, W., Stapel, B., 2012. Erstmals datierte
organische Artefakte aus dem Spätpaläolithikum Westfalens. Archäologie in
Westfalen- Lippe 2012, 24–27.
Bachofen-Echt, A., 1937. Bildliche Darstellung des Riesenhirsches aus vorgeschichtlicher
und geschichtlicher Zeit. Zeitschrift für Säugetierkunde 12, 81–88.
Barnosky, A.D., 1985. Taphonomy and herd structure of the extinct Irish Elk Megaloceros
giganteus. Science 228, 340–344.
Barnosky, A.D., 1986. “Big game” extinction caused by late Pleistocene climatic change:
Irish elk (Megaloceros giganteus) in Ireland. Quat. Res. 25, 128–135.
Bartlett, L.J., Williams, D.R., Prescott, G.W., Balmford, A., Green, R.E., Eriksson, A.,
Valdes, P.J., Singarayer, J.S., Manic, A., 2016. Robustness despite uncertainty: re-
gional climate data reveal the dominant role of humans in explaining global ex-
tinctions of Late Quaternary megafauna. Ecography 39, 152–161.
Baryshnikov, G., 2006. Late Pleistocene arctic fox (Alopex lagopus) from Crimea, Ukraine.
Quat. Int. 142–3, 208–217.
Bayliss, A., Woodman, P.C., 2009. A new Bayesian chronology for Mesolithic occupation
at Mount Sandel, northern Ireland. Proc. Prehist. Soc. 75, 101–123.
Bezrukova, E.V., Belov, A.V., Orlova, L.A., 2011. Holocene vegetation and climate
variability in north pre-Baikal region, east Siberia, Russia. Quat. Int. 237, 74–82.
Bezrukova, E.V., Belov, A.V., Letunova, P.P., Orlova, L.A., 2014. The response of the
environment of the Angara-Lena Plateau to global climate change in the Holocene.
Russ. Geol. Geophys. 55, 463–471.
Binney, H., et al., 2017. Vegetation of Eurasia from the last glacial maximum to present:
key biogeographic patterns. Quat. Sci. Rev. 157, 80–97.
Blyakharchuk, T.A., 2003. Four new pollen sections tracing the Holocene vegetational
development of the southern part of the West Siberian Lowland. Holocene 13,
715–731.
Bonifay, M.-F., 1978. Le gisement de La Baume de Valorgues à Saint-Ouentin-la-Poterie
(Gard). (Paléolithique supérieur final et Épipaléolilhique). II. La grande faune. Gall.
Prehist. 21, 123–142.
Bouchud, J., 1965. Le Cervus megaceros dans le sud et le sud-ouest de la France. Isr. J.
Zool. 14, 24–37.
Bradshaw, R.H.W., Hannon, G.E., Lister, A.M., 2003. A long-term perspective on un-
gulate-vegetation interactions. For. Ecol. Manag. 181, 267–280.
Bratlund, B., 1994. Ein Riesenhirschschädel mit Bearbeitungsspuren aus Lüdersdorf, Kreis
Grevesmühlen. Offa 49/50 (1992/1993). pp. 7–14.
Breda, M., 2005. The morphological distinction between the postcranial skeleton of
Cervalces/Alces and Megaloceros giganteus and comparison between the two Alceini
genera from the Upper Pliocene–Holocene of Western Europe. Geobios 38, 151–170.
Brock, F., Higham, T., Ditchfield, P., Ramsey, C.B., 2010. Current pretreatment methods
for AMS radiocarbon dating at the oxford radiocarbon accelerator unit (ORAU).
Radiocarbon 52, 103–112.
Bronk Ramsey, C., 2013. Recent and planned developments of the program OxCal.
Radiocarbon 55, 720–730.
Brooks, A.J., Bradley, S.L., Edwards, R.J., Goodwyn, N., 2011. The palaeogeography of
Northwest Europe during the last 20,000 years. J. Maps 7, 573–587.
Charlesworth, J.K., Erdtman, G., 1935. Postglacial section at Milewater Dock, Belfast. Ir.
Nat. J. 5, 234–235.
Chritz, K.L., Dyke, G.J., Zazzo, A., Lister, A.M., Monaghan, N.T., Sigwart, J.D., 2009.
Palaeobiology of an extinct Ice Age mammal: stable isotope and cementum analysis
of giant deer teeth. Palaeogeogr. Palaeoclimatol. Palaeoecol. 282, 133–144.
Clark, C.D., Hughes, A.L.C., Greenwood, S.L., Jordan, C., Sejrup, H.P., 2012. Pattern and
timing of retreat of the last British-Irish Ice Sheet. Quat. Sci. Rev. 44, 112–146.
Cooper, A., Turney, C., Hughen, K.A., Brook, B.W., McDonald, H.G., Bradshaw, C.J.A.,
2015. Abrupt warming events drove Late Pleistocene Holarctic megafaunal turnover.
Science 349, 602–606.
Croitor, R., Stefaniak, K., Paw1owska, K., Ridush, B., Wojtal, P., Stach, M., 2014. Giant
deer Megaloceros giganteus Blumenbach, 1799 (Cervidae, Mammalia) from
Palaeolithic of eastern Europe. Quat. Int. 326–327, 91–104.
Darwin, C., 1839. Journal and Remarks. Henry Colburn, London.
Delpech, F., 1983. Les faunes du paléolithique supérieur dans le Sud-Ouest de la France.
Editions CNRS, Paris.
Demidenko, Y.E., Noiret, P., 2012. Radiocarbon dates for the Siuren I sequence. In: In:
Demidenko, Y.E., Otte, M., Noiret, P. (Eds.), Siuren I Rock-Shelter. From Late Middle
Paleolithic and Early Upper Paleolithic to Epi-Paleolithic in Crimea. Études et
Recherches Archéologiques de l'Université de Liège, vol. 129. pp. 49–53.
Devoy, R.J., 1985. The problem of a late quaternary landbridge between Britain and
Ireland. Quat. Sci. Rev. 4, 43–58.
Diedrich, C., Žák, K., 2006. Prey deposits and den sites of the Upper Pleistocene hyena
Crocuta crocuta spelaea (Goldfuss, 1823) in horizontal and vertical caves of the
Bohemian Karst (Czech Republic). Bull. Geosci. 81, 237–276.
Dowd, M., Carden, R.F., 2016. First evidence of a late upper Palaeolithic human presence
in Ireland. Quat. Sci. Rev. 139, 158–163.
Ehlers, J., Gibbard, P.L., 2004a. Quaternary glaciations: extent and chronology. Part 1:
Europe. In: Developments in Quaternary Science 2a. Elsevier, Amsterdam.
Ehlers, J., Gibbard, P.L., 2004b. Quaternary glaciations: extent and chronology. Part 3:
south America, Asia, Australasia, Antarctica. In: Developments in Quaternary Science
2c. Elsevier, Amsterdam.
ESRI, 2011. ArcGIS Desktop: Release 10. Environmental Systems Research Institute,
Redlands, CA.
Fisher, D.C., 2009. Paleobiology and extinction of proboscideans in the Great lakes region
of north America. In: Haynes, G. (Ed.), American Megafaunal Extinctions at the End
of the Pleistocene. Springer, New York, pp. 55–75.
Furze, M.F.A., Scourse, J.D., Pieńkowski, A.J., Marret, F., Hobbs, W.O., Carter, R.A., Long,
B.T., 2013. Deglacial to postglacial palaeoenvironments of the Celtic Sea: lacustrine
conditions versus a continuous marine sequence. Boreas 43, 149–174.
Gamble, C., Davies, W., Pettitt, P., Richards, M., 2004. Climate change and evolving
human diversity in Europe during the last glacial. Phil. Trans. Roy. Soc. Lond. B 359,
243–254.
Gaussein, P., 2013. De la liberté d’expression chez les Magdaléniens. Nouveaux éléments
d’art mobilier de l’abri de La Piscine (Montmorillon, Vienne). Bulletin Préhistoire du
Sud-Ouest 21, 171–193.
Gonzalez, S., Kitchener, A.C., Lister, A.M., 2000. Survival of the Irish elk into the
Holocene. Nature 405, 753–754.
Gould, S.J., 1974. The origin and function of 'bizarre' structures: antler size and skull size
in the 'Irish Elk,' Megaloceros giganteus. Evolution 28, 191–220.
Guenther, E., 1960. Funde von Ren und Riesenhirsch in nacheiszeitlichen Schichten aus
der Nähe von Theresienhof bei Plön (Trentmoor und Brennacker). Schriften Des.
Naturwiss. Vereins für Schleswig-Holstein 30, 79–91.
Guthrie, R.D., 2006. New carbon dates link climatic change with human colonization and
Pleistocene extinctions. Nature 441, 207–209.
Hedges, R.E.M., Housley, R.A., Pettitt, P.B., Bronk Ramsey, C., Van Klinken, G.J., 1996.
Radiocarbon dates from the Oxford AMS system: archaeometry datelist 21.
Archaeometry 38, 181–207.
Hewitt, G., 2000. The genetic legacy of the Quaternary ice ages. Nature 405, 907–913.
Hu, A., et al., 2010. Influence of Bering Strait flow and North Atlantic circulation on
glacial sea-level changes. Nat. Geosci. 3, 118–121.
Hughes, S., Hayden, T.J., Douady, C.J., Tougard, C., Germonpré, M., Stuart, A.J., Lbova,
L., Carden, R.F., Hänni, C., Say, L., 2006. Molecular phylogeny of the extinct giant
deer, Megaloceros giganteus. Mol. Phylogenet. Evol. 40, 285–291.
Huntley, B., Allen, J.R.M., Collingham, Y.C., Hickler, T., Lister, A.M., Singarayer, J.,
Stuart, A.J., Sykes, M.T., Valdes, P.J., 2013. Millennial climatic fluctuations are key
to the structure of Last Glacial ecosystems. PLoS One 8 (4), e61963.
Immel, A., et al., 2015. Mitochondrial genomes of giant deers suggest their late survival in
A.M. Lister and A.J. Stuart Quaternary International 500 (2019) 185–203
201
Central Europe. Sci. Rep. 5, 10853. https://doi.org/10.1038/srep10853.
Jacobi, R.M., Higham, T.G., Bronk Ramsey, C., 2006. AMS radiocarbon dating of Middle
and Upper Palaeolithic bone in the British Isles: improved reliability using ultra-
filtration. J. Quat. Sci. 21, 557–573.
James, K.W., 1982. Catalogue of giant Irish deer in the Ulster Museum. Ir. Nat. J. 20,
372–375.
Kahlke, R.-D., 1999. The History of the Origin, Evolution and Dispersal of the Late
Pleistocene Mammuthus–Coelodonta Faunal Complex in Eurasia (Large Mammals).
Fenske Companies, Rapid City.
Kaiser, K., De Klerk, P., Terberger, T., 1999. Die “Riesenhirsch Fundstelle” von Endingen:
geowissenschaftliche und archäologische Untersuchungen an einem spätglazialen
Fundplatz in Vorpommern. Eiszeitalt. Ggw. 49, 102–122.
Koch, P.L., Barnosky, A.D., 2006. Late Quaternary extinctions: state of the debate. Annu.
Rev. Ecol. Evol. Syst. 37, 215–250.
Koenigswald, W. von, 1999. Hat der Mensch das Aussterben der Großen pleistozänen
Pflanzenfresser verursacht? Darmstädter Beiträge zur Naturgeschichte 9, 193–201.
Kosintsev, P., Mitchell, K., Devièse, K., van der Plicht, J., Kuitems, M., Petrova, E.,
Tikhonov, A., Higham, T., Comeskey, D., Turney, C., Cooper, A., van Kolfschoten, T.,
Stuart, A., Lister, A., 2019. Evolution and extinction of the giant rhinoceros
Elasmotherium sibiricum sheds light on late Quaternary megafaunal extinctions.
Nature Ecol. Evol. 3, 31–38.
Kurtén, B., 1968. Pleistocene Mammals of Europe. Weidenfeld & Nicolson, London.
Lambeck, K., 1993. Glacial rebound of the British Isles: I. Preliminary model results; II. A
high-resolution, high-precision model. Geophys. J. Int. 115, 941–990.
Lambeck, K., Chappell, J., 2001. Sea level change through the last glacial cycle. Science
292, 679–686.
Lane, C.S., Brauer, A., Blockley, S.P.E., Dulski, P., 2013. Volcanic ash reveals time-
transgressive abrupt climate change during the Younger Dryas. Geology 41,
1251–1254.
Langlais, M., Costamagno, S., Laroulandie, V., Pétillon, J.M., Discamps, E., Mallye, J.B.,
Cochard, D., Kuntz, D., 2012. The evolution of Magdalenian societies in South-West
France between 18,000 and 14,000 cal BP: changing environments, changing tool
kits. Quat. Int. 272–273, 138–149.
Levina, T.P., Orlova, L.A., 1993. Holocene climatic rhythms of southern West Siberia.
Russ. Geol. Geophys. 34, 36–51.
Lister, A.M., 1987. Giant deer and giant red deer from Kent's Cavern, and the status of
Strongyloceros spelaeus Owen. Trans. Proce. Torquay Nat. History Soc. 19, 189–198.
Lister, A.M., 1992. Mammalian fossils and Quaternary biostratigraphy. Quat. Sci. Rev. 11,
329–344.
Lister, A.M., 1994. The evolution of the giant deer, Megaloceros giganteus (Blumenbach).
Zool. J. Linn. Soc. 112, 65–100.
Lister, A.M., Stuart, A.J., 2008. The impact of climate change on large mammal dis-
tribution and extinction: evidence from the last glacial/interglacial transition. Compt.
Rendus Geosci. 340, 615–620.
Lister, A.M., Stuart, A.J., 2013. Extinction chronology of the woolly rhinoceros
Coelodonta antiquitatis: reply to Kuzmin. Quat. Sci. Rev. 62, 144–146.
Lister, A.M., Edwards, C.J., Nock, D.A.W., Bunce, M., van Pijlen, I.A., Bradley, D.G.,
Thomas, M.G., Barnes, I., 2005. The phylogenetic position of the 'giant deer'
Megaloceros giganteus. Nature 438, 850–853.
Malhi, Y., Doughty, C.E., Galetti, M., Smith, F.A., Svenning, J.-C., Terborgh, J.W., 2016.
Megafauna and ecosystem function from the Pleistocene to the anthropocene. Proc.
Natl. Acad. Sci. Unit. States Am. 113, 4838–4846.
Malvesin-Fabre, G., 1948. Essai sur la faune pléistocène de la Gironde. Paléobiologie et
Paléoclimatologie 1, 1–29.
Markova, A.K., Smirnov, M.G., Kozharinov, A.V., Kazantseva, N.E., Simakova, A.N.,
Kitaev, L.M., 1995. Late Pleistocene distribution and diversity of mammals in
northern Eurasia (PALEOFAUNA database). Paleontologia i Evolucio 28–29, 5–143.
Martin, P.S., 1967. Prehistoric overkill. In: Martin, P.S., Wright, H.E. (Eds.), Pleistocene
Extinctions: the Search for a Cause. Yale University Press, New Haven, pp. 75–120.
McDonald, J.N., 1984. The reordered North American selection regime and late
Quaternary megafaunal extinctions. In: Martin, P.S., Klein, R.G. (Eds.), Quaternary
Extinctions: A Prehistoric Revolution. University of Arizona Press, Tucson, pp.
404–439.
Miracle, P.T., Lenardić, J.M., Brajković, D., 2010. Last glacial climates, ‘‘Refugia’’, and
faunal change in southeastern Europe: mammalian assemblages from Veternica,
Velika pećina, and Vindija caves (Croatia). Quat. Int. 212, 137–148.
Mitchell, G.F., Parkes, H.M., 1949. The giant deer in Ireland. Proc. Roy. Ir. Acad. 52B,
291–314.
Moen, R.A., Pastor, J., Cohen, Y., 1999. Antler growth and extinction of Irish Elk. Evol.
Ecol. Res. 1, 235–249.
NGRIP Dating Group, 2008. Greenland Ice Core Chronology 2005 (GICC05) 60,000 Year,
20 Year Resolution. ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/greenland/
summit/ngrip/gicc05-60ka-20yr.txt, Accessed date: September 2013.
Novenko, E.Y., Olchev, A.V., 2015. Early Holocene vegetation and climate dynamics in
the central part of the East European Plain (Russia). Quat. Int. 388, 12–22.
Novenko, E. Yu., Volkova, E.M., Glasko, M.P., Zuganova, I.S., 2012. Palaeoecological
evidence for the middle and late Holocene vegetation, climate and land use in the
upper Don River basin (Russia). Veg. Hist. Archaeobotany 21, 337–352.
Nuzhnyy, D., 2008. The Epigravettian Variability of the Middle Dnieper River Basin.
Research on Prehistoric Archaeology in Ukraine, Kiev. pp. 96–134.
Orlova, L.A., 1990. The Holocene of the Baraba Steppe (Stratigraphy and Radiocarbon
Chronology). Nauka, Novosibirsk [in Russian].
Panova, N.K., 1996. In: the Forest Development Process in Urals and Trans-urals.
Uralskoye Otdelenie Rossiiskoi Akademii Nauk, Ekaterinburg, pp. 26–49 [in
Russian].
Pavlova, 1906. Etudes sur l’histoire paléontologique des Ongulés, IX Sélénodontes post
tertiaires de la Russie. Memoir. Calif. Acad. Sci. St Petersburg 20, 1–95.
Pidoplichko, I.G., 1951. The Glacial Period, vol. 2 Izd-vo AN USSR Kiev. [in Russian].
Praeger, R.L., 1888. On the estuarine clays at the new Alexandra Dock, Belfast. Annual
Reports and Proceedings, Belfast Naturalists’ Field Club Series II 2. pp. 27–37
Appendix II.
Praeger, R.L., 1891. Report on the estuarine clays of the north-east of Ireland. Proc. Roy.
Ir. Acad. (1889-1901) 2 (1891-1893), 212–289.
Praeger, R.L., 1894. (1887-1893). Annual Reports and Proceedings, Belfast Naturalists’
Field Club Series II, vol. 3. pp. 416–417 422-423.
Pushkina, D., 2007. The Pleistocene easternmost distribution in Eurasia of the species
associated with the Eemian Palaeoloxodon antiquus assemblage. Mamm Rev. 37,
224–245.
Raia, P., Meiri, S., 2006. The island rule in large mammals: paleontology meets ecology.
Evolution 60, 1731–1742.
Rasmussen, S.O., et al., 2014. A stratigraphic framework for abrupt climatic changes
during the Last Glacial period based on three synchronized Greenland ice-core re-
cords: refining and extending the INTIMATE event stratigraphy. Quat. Sci. Rev. 106,
14–28.
Rey-Iglesia, A., Lister, A.M., Campos, P.F., Brace, S., Mattiangeli, V., Daly, K.G., Teasdale,
M., Bradley, D.G., Barnes, I., Hansen, A.J. (in press). Giant Deer (Megaloceros
Giganteus) Phylogeography and Population Dynamics: Insights from Late Quaternary
Mitogenomes.
Reynolds, S.H., 1929. The Giant Deer. The British Pleistocene Mammalian 3/3.
Palaeontographical Society, London.
Rivals, F., Lister, A.M., 2016. Dietary flexibility and niche partitioning of large herbivores
through the Pleistocene of Britain. Quat. Sci. Rev. 146, 116–133.
Rogachëv, A.N., Beliaeva, V.I., 1982. Kostënki 13 (Kel’sievskaia stoianka). In: Praslov,
N.D., Rogachëv, A.N. (Eds.), Paleolit Kostënkovsko-Borshchëvskogo Raiona Na Donu
1879–1979: Nekotorye Itogi Polevykh Issledovanii. Nauka, Leningrad, pp. 140–145.
Saarinen, J., Eronen, J., Fortelius, M., Seppä, H., Lister, A.M., 2016. Patterns of diet and
body mass of large ungulates from the Pleistocene of Western Europe, and their re-
lation to vegetation. Palaeontol. Electron. 19, 1–58 3.32A.
Simakova, A.N., Puzachenko, A.Y., 2005. Palaeovegetation of Europe during the Bölling-
Alleröd interstadial Complex Warming (12.4-10.9 ka BP). Polish Geological Institute
Special Papers 16. pp. 116–122.
Straus, L., Goebel, T., 2011. Humans and the Younger Dryas: dead end, short detour, or
open road to the Holocene? Quat. Int. 242, 259–261.
Stuart, A.J., 2015. Late Quaternary megafaunal extinctions on the continents: a short
review. Geol. J. 50, 338–363.
Stuart, A.J., 2019. Vanished Giants; the Lost World of the Ice Age. University of Chicago
Press, Chicago press.
Stuart, A.J., Lister, A.M., 2011. Extinction chronology of the cave lion Panthera spelaea.
Quat. Sci. Rev. 30, 2329–2340.
Stuart, A.J., Lister, A.M., 2012. Extinction chronology of the woolly rhinoceros
Coelodonta antiquitatis in the context of Late Quaternary megafaunal extinctions in
Northern Eurasia. Quat. Sci. Rev. 51, 1–17.
Stuart, A.M., Lister, A.M., 2013. New radiocarbon evidence on the extirpation of the
spotted hyaena (Crocuta crocuta (Erxl.)) in northern Eurasia. Quat. Sci. Rev. 96,
108–116.
Stuart, A.J., Kosintsev, P.A., Higham, T.F.G., Lister, A.M., 2004. Pleistocene to Holocene
extinction dynamics in giant deer and woolly mammoth. Nature 431, 684–689.
Tarasov, P., et al., 2007. Vegetation and climate dynamics during the Holocene and
Eemian interglacials derived from Lake Baikal pollen records. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 252, 440–457.
Tierney, J., Johnston, P., Kelly, B., 2006. Final excavation report of a brushwood
trackway/platform and the nearby discovery of Giant Irish Deer at Ballyoran Bog, Co.
Cork. Eachtra J. 6, 1–40.
van der Made, J., 2006. The evolution and biogeography of the Pleistocene giant deer
Megaloceros giganteus (Cervidae, Mammalia). Cour. Forschungsinst. Senckenberg
256, 117–129.
van der Plicht, J., Molodi, V.I., Kuzmin, Y.V., Vasiliev, S.K., Postnov, A.V., Slavinsky, V.S.,
2015. New Holocene refugia of giant deer (Megaloceros giganteus Blum.) in Siberia:
updated extinction patterns. Quat. Sci. Rev. 114, 182–188.
van Geel, B., Sevink, J., Mol, D., Langeveld, B.W., van der Ham, R.W.J.M., van der Kraan,
C.J.M., van der Plicht, J., Haile, J.S., Rey-Iglesia, A., Lorenzen, E., 2018. Giant deer
(Megaloceros giganteus) diet from Mid-Weichselian deposits under the present North
Sea inferred from molar-embedded botanical remains. J. Quat. Sci. 33, 924–933.
Vasiliev, S.K., Slavinsky, V.S., Postnov, A.V., 2013. The Irish elk (Megaloceros giganteus
Blumenbach, 1803) in the paleofauna of the Holocene sites of the northern Angara
region (Ust-Tushama-1, Sosnovy Tushamsky Ostrov, Ust-Talaya). J. Novosibirsk State
Univ., Ser.: Hist. Philol. 12/7, 177–185 Archaeology and Ethography.
Vereshchagin, N.K., 1967. The Mammals of the Caucasus: A History of the Evolution of
the Fauna. Israel Program for Scientific Translation, Jerusalem.
Vereshchagin, N.K., Baryshnikov, G.F., 1984. Quaternary mammalian extinctions in
northern Eurasia. In: Martin, P.S., Klein, R.G. (Eds.), Quaternary Extinctions: A
Prehistoric Revolution. University of Arizona Press, Tucson, pp. 483–516.
Villaluenga, A., Arrizabalaga, A., Rios-Garaizar, J., 2012. Multidisciplinary approach to
two Chatelperronian series: lower IX layer of Labeko Koba and X level of Ekain
A.M. Lister and A.J. Stuart Quaternary International 500 (2019) 185–203
202
(Basque Country, Spain). J. Taphonomy 10, 499–520.
Vislobokova, I.A., 2012. Giant Deer: origin, evolution, role in the biosphere. Paleontol. J.
46, 643–775.
Vybornov, A.A., Mosin, V.S., Epimakhov, A.V., 2014. Chronology of the Uralian Neolithic.
Archaeol. Ethnol. Anthropol. Eurasia 42, 33–48.
Watts, W.A., 1977. The late Devensian vegetation of Ireland. Phil. Trans. Roy. Soc. Lond.
B 280, 273–293.
Wingfield, R.T.R., 1995. A model of sea levels in the Irish and Celtic Seas during the end
Pleistocene to Holocene transition. In: In: Preece, R.C. (Ed.), Island Britain: A
Quaternary Perspective, vol. 96. Geological Society Special Publication, pp. 209–242.
Woodman, P., McCarthy, M., Monaghan, N., 1997. The Irish Quaternary fauna project.
Quat. Sci. Rev. 16, 129–159.
Worman, C.O.’D., Kimbrell, T., 2008. Getting to the hart of the matter: did antlers truly
cause the extinction of the Irish elk? Oikos 117, 1397–1405.
Zakh, V.A., Ryabogina, N.E., Chlachula, J., 2010. Climate and environmental dynamics of
the mid- to late Holocene settlement in the Tobol-Ishim forest-steppe region, West
Siberia. Quat. Int. 220, 95–101.
A.M. Lister and A.J. Stuart Quaternary International 500 (2019) 185–203
203
